Objective: To test the hypothesis that degeneration of the substantia nigra pars compacta (SNc) precedes that of the cholinergic basal forebrain (BF) in Parkinson disease (PD) using new multispectral structural magnetic resonance (MR) imaging tools to measure the volumes of the SNc and BF.
Main Outcome Measures
We acquired multiecho T1-weighted, multiecho proton density, T2-weighted, and T2-weighted fluid-attenuated inversion recovery (FLAIR) sequences from each participant. For the SNc, we created a weighted mean of the multiple echoes, yielding a single volume with a high ratio of contrast to noise. We visualized the BF using T2-weighted FLAIR images. For each participant, we manually labeled the 2 structures and calculated their volumes.
Results: Relative to the controls, 13 patients with H&Y stage 1 PD had significantly decreased SNc volumes. Sixteen patients with H&Y stage 2 or 3 PD showed little additional volume loss. In contrast, the BF volume loss occurred later in the disease, with a significant decrease apparent in patients having H&Y stage 2 or 3 PD compared with the controls and the patients having H&Y stage 1 PD. The latter group did not differ significantly from the controls.
Conclusion:
Our results support the proposed neuropathological trajectory in PD and establish novel multispectral methods as MR imaging biomarkers for tracking the degeneration of the SNc and BF. November 26, 2012 November 26, . doi:10.1001 November 26, /jamaneurol.2013 P ARKINSON DISEASE (PD), A NEUrodegenerative disorder that causes motor, cognitive, and psychiatric symptoms, is typically characterized by a loss of nigrostriatal dopaminergic neurons in the substantia nigra pars compacta (SNc), accompanied by the aggregation of Lewy bodies throughout the brainstem.
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1,2 While denervation of dopaminergic nigrostriatal projections may explain the cardinal motor symptoms of PD, as evidenced by the dramatic motor improvement associated with dopamine therapy, 3 abnormalities beyond the SNc 4,5 may underlie the serious and potentially debilitating nonmotor features, including cognitive and memory impairments and progression to dementia. [6] [7] [8] [9] [10] Notably, the cholinergic basal forebrain (BF) also degenerates in PD 11, 12 and could contribute to nonmotor deficits.
A prominent hypothesis regarding the neuropathological progression of PD posits that Lewy body deposition commences in the enteric and peripheral nervous systems, before appearing in the brainstem, and then progresses rostrally to the midbrain, forebrain, and neocortex. 13 Motor symptom onset is believed to become clinically significant between Braak stages 3 and 4. Although this staging scheme is based on careful neuropathological examination of a large sample of postmortem specimens, definitive confirmation of the hypothesis is lacking, with some researchers questioning the general usefulness of the Braak classification scheme. 14, 15 More direct measures of the timing and progression of neuronal degeneration in these areas would help to resolve this debate. In particular, according to this staging scheme, pathological changes in the SNc should precede the degeneration of the more rostral BF. 13, 16 Indirect support for this hypothesis comes from positron emission tomography studies [17] [18] [19] that document altered cholinergic neurotransmission in patients with mild PD. Still, an in vivo comparison of the morphologic structure of the SNc and BF in the early stages of PD is lacking because reliable magnetic resonance (MR) imagingbased biomarkers have been unavailable for visualizing these structures. 20 Although a few methods for imaging the SNc and BF have met with some success, [21] [22] [23] [24] morphologic structure was examined only in separate study groups using data collected at different times. The present study tested the hypothesis that the degeneration in the SNc precedes that in the BF. We used new multispectral structural MR imaging sequences (T2-weighted, T2-weighted fluid-attenuated inversion recovery [FLAIR] , multiecho T1-weighted, and multiecho proton density) to visualize and measure diseaserelated changes in these structures in a single sample of patients with PD and control subjects. These images provide a valuable window on the subcortical structures that have been implicated in PD but are not readily visible on conventional MR imaging. 25 We obtained Unified Parkinson Disease Rating Scale (UPDRS) motor scores for 25 patients with PD; UPDRS scores were obtained when patients were optimally medicated (ie, in the on state); all but 2 patients with PD were being treated with anti-PD drugs at the time of the study. The patients and controls were between the ages of 50 and 85 years, had completed at least 12 years of schooling, and gave informed consent to participate in the study. Institutional review boards at the Massachusetts Institute of Technology and the Massachusetts General Hospital approved the project. Exclusion criteria were parkinsonian syndromes secondary to severe depression; reserpine or neuroleptic administration; progressive supranuclear palsy, multisystem atrophy, Lewy body disease, and the rigid form of Huntington disease; a Mini-Mental State Examination score below 26; a Beck Depression Inventory score above 18; history of a neurological disorder other than PD, cancer, or serious chronic underlying medical illness (such as serious cardiac disease); untreated hypertension; history of a psychiatric disorder; and any contraindication for MR imaging (claustrophobia, mechanical or electromagnetic implants, ferromagnetic or nonstatic metal implants, or tattoos with metal ink).
METHODS

PARTICIPANTS
MR IMAGING DATA ACQUISITION
Magnetic resonance imaging data were acquired using a 3-T MR imaging system (Trio; Siemens) with a 12-channel matrix head coil. For each patient with PD and control subject, we collected a series of high-resolution (1-mm isotropic) multispectral data that included multiecho magnetization-prepared rapid gradient-echo with T1-weighting (eFigure 1A; http://www .jamaneuro.com), 3-dimensional (3D) T2-weighted turbo spinecho (eFigure 1B), multiecho fast low-angle shot with proton density weighting (eFigure 1C), and 3D T2-weighted FLAIR turbo spin-echo (eFigure 1D) sequences. Each acquisition consisted of a 3D slab with 176 sagittal sections (1.0 mm thick). In-plane field of view was 256 mm sampled on a 256ϫ256-pixel matrix, giving an in-plane resolution of 1.0ϫ1.0 mm. For proton density weighting, the flip angle was 3Њ, and the repetition time (TR) was 20 milliseconds, during which 6 echoes were collected after a nonselective excitation. Echo times (TEs) were evenly spaced at 1.85, 3.85. 5.85, 7.85, 9.85, and 11.85 milliseconds. A proton density volume was generated from a weighted linear mean of acquisitions. For T1-weighting, we used a flip angle of 7Њ, TR of 2530 milliseconds, and inversion time of 1100 milliseconds, during which 4 echoes were obtained after nonselective excitation, with TEs of 1.61, 3.39, 5.17, and 6.95 milliseconds. A single T1-weighted volume was generated from a root mean square average of acquisitions. For T2-FLAIR weighting, we collected a 3D slab consisting of 176 sagittal sections (1.0 mm thick). The in-plane field of view was 256 mm sampled on a 256ϫ256-pixel matrix, giving an inplane resolution of 1.0ϫ1.0 mm, with a TR of 3200 milliseconds and a TE of 444 milliseconds. For T2-FLAIR weighting, we obtained a 3D slab consisting of 176 sagittal sections (1.0 mm thick). The in-plane field of view was 256 mm sampled on a 256ϫ256-pixel matrix, giving an in-plane resolution of 1.0ϫ1.0 mm, with a TR of 6000 milliseconds, a TE of 494 milliseconds, and an inversion time of 2100 milliseconds. All sequences were matched at a bandwidth of 698 Hz per pixel. To minimize head motion artifact and fatigue, we used parallel acquisition (generalized autocalibrating partially parallel acquisitions) techniques and acquired each sequence twice for each participant during a single imaging session.
MULTISPECTRAL VISUALIZATION OF THE SNc AND BF
To differentiate the boundaries of the SNc from surrounding structures, we created a weighted mean of the 4 contrasts to obtain a single volume with an optimized ratio of contrast to noise for the SNc. Using the MR imaging data from our training sample, we obtained excellent contrast for the SNc, with coefficients for T1-weighting of 11, for T2-weighting of 25, for proton density weighting of 94, and for T2-FLAIR weighting of 19 ( Figure 1A and B). To generate this multispectral weighted mean for each participant, we first performed motion correction and averaging of multiple acquisitions for each multispectral sequence. We then coregistered the 4 averaged, motion-corrected multispectral volumes for each participant using a linear rigid-body transformation with trilinear interpolation and then generated a weighted mean of the multispectral images using the optimal weighting coefficients. Morphometric details of the SNc were not detectable in our highresolution T1-weighted images (eFigure 1A), but this struc-ture was clearly apparent in the mean multispectral volume ( Figure 1A and B, red arrows), emphasizing the contribution of the proton density weighting and T2-weighted data. The SNc was easily distinguished from the surrounding red nucleus, substantia nigra pars reticulata, and cerebral peduncles ( Figure 1C ). Blinded to diagnostic group, we next manually labeled the SNc in all PD and control brains ( Figure 1D ). The anatomical boundaries of the SNc were defined in consultation with 2 expert neuroanatomists (Thomas Kemper, MD, and John Hedreen, MD) using data from our training sample. The SNc was initially identified in axial sections through the midbrain at a plane where the red nucleus and cerebral peduncle were clearly apparent. The most superficial extent of the red nucleus was then identified, and this section was used as the starting point for each label. We labeled the SNc in axial sections, moving to the most inferior extent of the red nucleus. Labels were checked for accuracy in the sagittal and coronal planes.
Although previous investigations typically used T2-weighted images to visualize the BF, 26 we found that the contrast obtained with our T2-FLAIR weighted images ( Figure 2B ) far exceeded that obtained with the T2-weighted images (Figure 2A ). In particular, the inferior boundaries of the BF were more clearly defined in the T2-FLAIR weighted images because this contrast negated the hyperintensity typically associated with the cerebrospinal fluid. Furthermore, no additional boost in contrast was afforded by averaging the T2-FLAIR weighted images with any other multispectral data. Therefore, we manually labeled the BF on motion-corrected, averaged, and intensity-normalized T2-FLAIR weighted images. We used a labeling convention similar to that described by Muth et al, 26 whereby the center of the label was identified as the coronal section in which the anterior commissure was most prominent. The BF was apparent as a narrow band just inferior to the globus pallidus and superior to the cerebrospinal fluid ( Figure 2C ). We traced the entire band in this section and in 2 others, one anterior to the initial section and one posterior to it.
STATISTICAL ANALYSIS
To ensure that the patient and control groups were well matched, we calculated independent t tests to detect any group differences in age, years of education, and Mini-Mental State Examination scores. A χ 2 test for independence tested for differences in the sex distribution. A multivariate general linear model tested for volumetric differences between the patients with PD and the controls. The dependent variables were the left and right hemisphere volumes of the SNc and BF. To uncover any dependence of the effects on disease stage, we divided participants into the following 3 groups: controls, patients with H&Y stage 1 PD, and patients with H&Y stages 2 and 3 PD (we combined stages 2 and 3 because of the few patients with stage 3 PD). All analyses included age, sex, years of education, and intracranial volume as covariates to preclude any confounding effects of minor differences in these measures. The estimate of intracranial volume was derived using a standard process implemented in the morphological processing stream (FreeSurfer; http://surfer.nmr.mgh.harvard.edu). 27 To test for covariance in the degeneration of the SNc and BF, we calculated partial correlations, controlling for intracranial volume, between the left SNc and left BF and between the right SNc and right BF.
RESULTS
The patients with PD and the controls did not differ significantly in sex distribution (P=. (Figure 4 ). An additional analysis of the SNc volume loss as a function of the side of motor symptom onset is available in the eAppendix and eFigure 2. In contrast to the results for the SNc, the BF volumes for the patients with H&Y stage 1 PD did not differ significantly from the controls on the left (P=.84) or on the right (P=.67). Consistent with the SNc results, the patients with H&Y stage 2 or 3 PD showed significantly reduced volumes bilaterally compared with the controls (P = .008 for the left and P = .01 for the right). In addition, relative to the patients with H&Y stage 1 PD, the patients with H&Y stage 2 or 3 PD had significantly reduced volumes of the BF on the left (P=.04), but the difference did not reach statistical significance on the right (P =.08). 
COMMENT
The present study used new multispectral structural MR imaging tools to uncover a volumetric reduction of the SNc in the earliest stages of PD, followed by decreased BF volumes in later stages. By showing that the volume loss in the SNc precedes the degeneration in the BF, our results provide in vivo evidence in support of the staging scheme by Braak et al, 13 adding credence to their proposed rostral-tocaudal progression of pathological change. These results underscore the findings of previous neuropathological studies in idiopathic PD showing the loss of cholinergic neurons in the BF 12 and the degeneration of the SNc. 1 The present article complements postmortem studies by establishing the temporal progression of the degeneration of these structures in living patients. Furthermore, the finding of decreased SNc volumes in the patients with H&Y stage 1 PD, with little additional volume loss in H&Y stages 2 and 3 PD, supports the view that cell loss in this area appears early in the disease course, with substantial SNc cell loss likely occurring before symptom onset. 28 In contrast, the BF volume loss occurred later in the disease, with a significant decrease in volume in the patients with H&Y stage 2 or 3 PD relative to the controls and the patients with H&Y stage 1 PD, who did not differ significantly from the controls.
DISEASE-RELATED CHANGES IN THE SNc
The present finding of significantly reduced SNc volumes in patients with H&Y stage 1 PD is consistent with the known neuropathological trajectory. Postmortem studies 1, 2, 29 have established that PD is associated with a significant loss of dopaminergic neurons in the SNc, and dopamine therapy remains the gold standard treatment for motor symptoms. 3 Furthermore, neuropathological studies 2, 30 indicate that a large percentage of dopaminergic neurons in the SNc is lost before symptom onset or formal diagnosis.
Because the borders of the SNc are almost impossible to visualize on conventional T1-weighted MR imaging, many previous researchers have attempted to use T2-weighted or proton density-weighted MR imaging to document nigral degeneration in PD. While some studies [31] [32] [33] reported signal loss or reduced size of the SNc in the patients with PD compared with the controls, other studies 34, 35 failed to find disease-related changes. Newer methods, such as the use of MR sequences sensitive to neuromelanin 36 and segmented inversion-recovery ratio imaging, 37 have achieved greater success in documenting disease-related changes in the SNc. However, to our knowledge, the present study represents the first report of the SNc volume loss in patients with H&Y stage 1 PD.
BF DEGENERATION IN PD
Our T2-weighted FLAIR images provided superior contrast for the BF compared with that achieved in previous MR imaging investigations, enabling us to examine the morphologic structure in the same set of patients with PD and controls. Previous evidence of cholinergic degeneration in PD came directly from pathological studies 12,38-40 and indirectly from positron emission tomography measurement of cholinergic markers. 17, 19, 41, 42 Magnetic resonance imaging studies of the BF have generally relied on T2-weighted images. One study 23 reported a small, but significant, decrease in the thickness of the BF, measured in a single coronal section from a T2-weighted image, in cognitively intact patients with PD, as well as a more substantial reduction in patients with dementia. Another study 43 showed decreased BF thickness in patients having dementia with Lewy bodies, but this study did not include a nondemented PD group. The volume of the BF has also been measured using T1-weighted images at high field strength, 44 revealing a significant decrease in the volume of the BF between nondemented patients with PD and controls, with further volume loss in patients with dementia. 45 The present finding of reduced BF forebrain volumes in patients with H&Y stage 2 or 3 PD is in accord with these previous investigations. To our knowledge, no other studies have examined differences between H&Y stage 1 PD and H&Y stages 2 and 3 PD, but the finding of more extreme cell and volume loss in patients with dementia is consistent with the trajectory of the volume loss reported herein.
COMPARISON OF THE SNc AND BF CHANGES IN PD
As the first direct in vivo comparison to date of the volumes of the SNc and BF in the same sample of patients with PD, our findings revealed that the volume loss in the SNc precedes the degeneration of the more rostral BF. These results are consistent with a proposed neuropathological trajectory whereby PD-related pathologic change begins in deep brain structures and progresses rostrally. 13 Although some researchers have called into question the usefulness of the Braak neuropathological staging scheme, 14, 15 a longitudinal study 46 of pathological progression revealed 3 distinct subgroups of patients, with the largest subgroup exhibiting pathological changes consistent with the Braak model. Differences in the patterns of neurodegeneration may represent subgroups of patients having PD with fundamentally distinct disease processes and trajectories of disease progression, and an emerging view is that heterogeneity may be the rule in PD. Notably, in our study, the volumes of the SNc and BF did not correlate significantly with each other. A larger sample with a broader distribution of disease stages, including patients with dementia, could reveal linked degeneration in these structures. Alternatively, our sample was possibly heterogeneous with respect to disease subgroups; therefore, a larger sample might reveal a subset of patients in whom the degeneration of these structures is more tightly linked.
In summary, we introduced powerful multispectral MR imaging tools to examine the temporal progression of the degeneration in the SNc and BF, as well as in other forebrain and neocortical structures. Although some aspects of the Braak neuropathological staging scheme remain a topic of debate and continued research, results from this study provide in vivo support for the Braak proposal of Lewy body pathological spread rostrally, affecting the SNc before the BF. A critical outstanding question is whether subgroups of patients exist who do not show this temporal progression of pathological change. If so, what are the frequencies and clinical ramifications? The development of new tools to measure subcortical brain structures in vivo such as those described herein will be essential to document expected anatomical changes across multiple structures. The future identification and characterization of PD subgroups will provide physicians and researchers with more focused therapeutic targets.
